INTRODUCTION

Reinforcing bars conforming to ASTM A1035
1 are characterized by their high tensile strength and enhanced corrosion resistance in comparison to ASTM A615 2 Grade 60 bars. The use of these high-strength steel bars offers several advantages, such as the reduction of the reinforcement ratio, less cost for reinforcement placement, reduced reinforcement congestion, better concrete placement, and an increase in service life due to enhanced corrosion resistance. The highstrength reinforcing bars used in this investigation 3 exhibit a nonlinear stress-strain curve without a distinct yield plateau reaching a stress of 100 ksi (690 MPa) at 0.35% strain. One major concern with using this high-strength steel bar is whether the larger induced steel strains under service load could cause unacceptably large cracking and deflection of the reinforced concrete (RC) beam and whether the beam would achieve adequate ductility under ultimate load.
The objective of this research is to examine the behavior of concrete beams reinforced with different reinforcement ratios of high-strength steel stirrups up to yield strength of 100 ksi (690 MPa) and to evaluate the serviceability and effectiveness of using high-strength steel as transverse reinforcement in flexural members. The paper also examines the ability of current codes to predict the contribution of transverse steel to the shear capacity of RC flexural members.
RESEARCH SIGNIFICANCE
There are no experimental data or design guidelines for the use of high-strength steel as shear reinforcement with a yield strength of 100 ksi (690 MPa) for RC flexural members. Most of the research currently available in the literature focuses on the use of high-strength steel as flexural reinforcement. [4] [5] [6] [7] [8] [9] This paper will provide much-needed information on the behavior of high-strength steel stirrups designed for a yield strength of 80 and 100 ksi (550 and 690 MPa) for RC members. It also provides an evaluation of the current ACI 318-08, 10 CSA A23.3-04, 11 and AASHTO 12 code provisions in predicting the contribution of transverse steel to the shear capacity of RC flexural members.
EXPERIMENTAL PROGRAM
The experimental program included 18 tests using nine large-sized RC beams tested under static loading up to failure. All beams were 22 ft (6.7 m) long and were designed using a nominal concrete compressive strength of 4000 psi (28 MPa). The beam length was chosen such that each beam could be tested twice, thus doubling the amount of collected data. The shear span-depth ratio (a/d) of all specimens was kept constant.
The nine beams were classified into three groups based on their shear resistance. The spacing of the shear reinforcement was varied to reflect a minimum and maximum level of shear resistance allowed by ACI 318-08. 10 Test specimens were designed to induce stresses of 80 and 100 ksi (550 and 690 MPa) in the high-strength stirrups. Within each group, the beams were geometrically similar and the shear reinforcement was designed to achieve the same nominal shear capacity. Hooks were provided at both ends of the longitudinal tension reinforcement to prevent anchorage failure. The transverse reinforcement consisted of No. 3 and No. 4 (No. 10 and No. 13) closed stirrups designed according to ACI 318-08 10 requirements, with a bend radius equal to six times the bar diameter and an extension of six times the bar diameter past the 90-degree bend. Figure 1 shows the elevation and cross section of the beams in Groups 1, 2, and 3. The cross sections and reinforcement details of all of the specimens are summarized in Table 1 . The beams shown in Table 1 are identified by three parameters: the first two characters indicate the group to which the beam belongs; for example, G1 is Group 1. The second parameter specifies the longitudinal and transverse steel type, using C for conventional steel and M for highstrength steel. The third parameter is the specified design yield strength in the stirrup; 0 indicates no transverse reinforcement, 60 indicates 60 ksi (415 MPa), 80 indicates 80 ksi (550 MPa), and 100 indicates 100 ksi (690 MPa) design stress in the stirrup based on ACI 318-08. 10 The beams were tested with a targeted a/d = 3. For the first four beams of Group 1 with a target shear capacity of 3 bd, the beams were tested with a loaded span equal to 19.0 ft (5.8 m) as detailed in Table 2 and shown in Fig. 2 dimensions of the remaining five beams compared to the first four beams, it was possible to test these beams twice using the same setup configuration. For the replicate tests, an additional letter "R" was added at the end of the identification to differentiate the second test from the first test of the specimen. In each group, the beams reinforced with high-strength stirrups were compared with beams reinforced with Grade 60 steel stirrups. Also, Beams G1-M0, G2-M0, G3-C0, and G3-M0 were designed without shear reinforcement and were used to determine the nominal concrete contribution to the shear strength V c . Details of the experimental program can be found elsewhere.
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MATERIAL PROPERTIES
Local ready mixed concrete using Type I cement and a maximum aggregate size of 3/8 in. (9.5 mm) was used to construct all specimens. Three 4 x 8 in. (102 x 204 mm) concrete cylinders were used to determine the compressive strength of concrete in accordance with ASTM C39 at the time of testing, as shown in Table 3 .
Tension coupons from the reinforcing steel were used to determine the stress-strain characteristics. 
TEST SETUP
The test setup was designed to allow each beam to be tested twice to replicate test data. Table 2 shows the test setup details, including the location of the load from two supports, the effective depth of beams, and the a/d for each group. All beams were instrumented to measure applied loads, deflections, crack widths, and steel strain. For each beam, a strain gauge was placed on one bar of the bottom layer of the tension reinforcement at the location of the applied load to measure strains. Weldable strain gauges were used to measure strains in stirrups. The location of the weldable strain gauges was determined by estimating the location of the compressive strut acting from the point of load application to the support. The weldable strain gauges were attached to the stirrups using a spot welder as recommended by the manufacturer. Three strain rosettes were attached to the front face of the beam to measure the crack widths and the strain in the stirrups after cracking. The rosette consisted of three 7.87 in. (200 mm) calibration test pressure gauges placed horizontally, vertically, and inclined at 45-degree angles. In addition to the rosettes, six 3.94 in. (100 mm) calibration test pressure gauges were attached to the back face of the beams to measure strain in a stirrup. Crack comparators were also used to measure the crack width at different load levels in addition to the rosettes. All instruments were connected to an electronic data acquisition system to continuously record the data. Figure 4 shows pictures of the instrumentation.
LOAD-DEFLECTION BEHAVIOR
The applied shear versus deflection at the load point up to failure for beams in Group 1, 2, and 3 is shown in Fig. 5 . The results indicate that the precracking stiffness of the beams in each group were almost identical, but there is a reduction in the post-cracking stiffness of the beams reinforced with Grade 100 bars using the design strength of 80 and 100 ksi (550 and 690 MPa) due to the larger strains in the longitudinal reinforcement and the reduction of the transverse reinforcement ratios. The figures, however, show that despite the lower shear reinforcement ratio for beams reinforced with high-strength stirrups in comparison with a beam reinforced with conventional steel stirrups, all of the beams were capable of sustaining similar loads. This behavior is attributed to the use of the higher tensile strength of high-strength steel. The use of the lower longitudinal reinforcement ratio for the beams reinforced with the high-strength steel caused higher deflections compared to the beams reinforced with the conventional Grade 60 steel at the same load levels. The reduced transverse reinforcement ratio results in larger crack widths and reduced stiffness of the beams reinforced with high-strength stirrups. The beams without stirrups failed as expected in a brittle manner at a much lower load and had significantly less deflection than the beams with transverse reinforcement. Beams reinforced for shear were capable of sustaining much higher loads and deflections and showed more ductile failures.
CRACK PATTERN
The general crack patterns observed for all beams within the same group were identical. The first flexural crack occurred at an applied load of 30 kips (133 kN) and was located near the location of the applied load and maximum moment. As the load increased, the flexural cracks propagated toward the compression zone and the number of flexural cracks also increased. Flexural cracks tended to develop at approximately the location of the stirrups. Therefore, the spacing of cracks was dominated by the location of the stirrups. As additional load was applied, new flexural cracks began to form toward the support, and these cracks developed into flexural-shear cracks. For beams without transverse reinforcement (that is, Beams G1-M0, G2-M0, G3-C0, and G3-M0), a further increase in load resulted in the formation of a critical diagonal shear crack and sudden failure, as shown in Fig. 6 for Beams G1-M0 and G2-M0 characterized by the formation of a single critical diagonal crack spanning from the point of load application to the support. On the other hand, beams with transverse reinforcement were capable of carrying higher loads and were characterized by the initiation of additional flexure-shear cracks between the applied loads and the supports. They exhibited a fairly ductile response without explosive failure. As the loading continued, a welldefined shear crack formed at the middle of the shorter shear span and propagated toward the support and the loading 
Fig. 5-Applied shear versus deflection for beams of Groups 1, 2, and 3.
plates under the load. The shear crack widened and extended toward the supports at a faster rate than the flexure cracks. All beams failed due to crushing of concrete in the nodal zone of the compression strut connecting the nodes at the support and at the applied load, as shown in Fig. 6 . The failure of Beams G3-M80 and G3-M100 was due to high stresses developed in the stirrups and the high compression stresses in the strut, leading to crushing at the tip of the strut.
CRACK WIDTH Crack widths were measured using a crack comparator and calibration test pressure gauges at each load level. The latter method uses the geometry of two calibration test pressure gauges in the rosettes to determine the summation of the shear crack width within the gauge length. In the analysis, the vertical and diagonal gauge readings were used to calculate the summation of the crack widths using the Shehata 14 equation
where Δ V is the PI gauge reading in the vertical direction, Δ D is the PI gauge reading in the diagonal direction, θ is the measured crack angle to the horizontal beam axis, l g is the gauge length of the PI gauge, and ε ct is the maximum tensile concrete strain taken as 0.1 × 10 -3 . The average crack width w was determined based on the number of cracks within the gauge length of the rosette. According to the commentary of ACI 318-08, 10 at the service load level, the acceptable crack width is 0.016 in. (0.41 mm). The shear at service load for this analysis was taken as 60% of the nominal shear strength of the beam predicted using ACI 318-08 10 for the given reinforcement. Table 3 shows the service shear load for each group, the number of cracks recorded at service load for each beam, and the measured angle of the crack θ with respect to the beam axis. It should be noted that all beams were designed to achieve the same nominal shear capacity using different stirrup spacing for the specific yield strength of the steel. Therefore, all of the beams within each group have the same service load. It was also observed that the crack widths measured by the calibration test pressure gauge and the crack comparator were approximately the same for the beams within the same group. Therefore, only the crack widths measured using the crack comparators are presented in this paper. Furthermore, at service, the measured crack width
was less than 0.016 in. (0.41 mm) for all of the beams, as shown in Fig. 7 , for Groups 1, 2, and 3. Due to the selected design strength of 80 and 100 ksi (550 and 690 MPa) used in high-strength stirrups, Beams G1-M80, G2-M80, and G3-M80 had a larger crack width in comparison to Beams G1-C60, G2-C60, and G3-C60, respectively. Figure 7 shows that Beam G1-M100 in Group 1 had no cracks at service load. This is mainly due to the higher compressive strength of concrete in Beam G1-M100 that provided greater concrete contribution and delayed the formation of the first shear crack. The first measured flexural-shear crack width of 0.004 in. (0.1 mm) was recorded at 76 kips (338 kN) of shear. The results suggest that using high-strength stirrups slightly increased the crack width in comparison to conventional stirrups. 
STRAIN IN STIRRUPS
The strains in the stirrups were measured using the vertical component of the calibration test pressure gauge rosette, the calibration test pressure gauges on the back side of the beams, and weldable strain gauges that were attached to the stirrups at selected locations for Beams G1-M80, G2-M80, G3-C60, and G3-M80. For Group 1, the measured shear versus transverse strain is shown in Fig. 8(a) . The figure shows that the stirrups were stressed only after first cracking. The corresponding shear was taken as the concrete contribution to shear strength, V c . The concrete contribution V c was also estimated from the control specimens. Figure 8(a) indicates that Beams G1-C60 and G1-M100 have a higher V c compared to Beam G1-M0. This difference is due to the higher compressive strength of the concrete used for these beams. It can be seen that at any given load, beams reinforced with highstrength stirrups have a slightly higher strain value due to the reduced transverse reinforcement ratio in comparison with beams reinforced with Grade 60 stirrups. The test results indicated that the mere yielding of the transverse reinforcement of Beam G1-C60 did not cause the failure of the beam. Instead, the failure of the beams was due to the crushing of the concrete in the nodal zone of the compression strut.
The shear versus strain relationship for the beams of Group 2 is shown in Fig. 8(b) . The same phenomenon was observed where the strains in the beams reinforced with high-strength stirrups were higher at any given load level due to the lower transverse reinforcement ratio of these beams. It can also be seen that the strains measured from the weldable strain gauges, Curve G2-M80-WSG, closely matched the strains measured using the PI gauges, Curve G2-M80. These results indicate that the strains in the transverse reinforcement for both beams exceeded 0.0025 and 0.0035 corresponding to the design stress of 80 and 100 ksi (550 and 690 MPa), respectively, as determined from the stress-strain curves of the reinforcing bars; however, the beams continued to sustain increasing loads. Failure was caused due to crushing of the concrete in the nodal zone of the compression strut. It should be noted that the results for Beam G2-M100 were not included in Fig. 8 , as failure occurred due to a diagonal shear crack that occurred in the longer shear span of the beam where no instrumentations were provided.
Similar observations can be made for the beams of Group 3, as shown in Fig. 8(c) . At any given load level, the strains are higher for Beam G3-M100 with the lowest transverse reinforcement ratio, followed by the strains for Beam G3-M80; Beam G3-C60 had the lowest strains in the stirrups because it had the highest transverse reinforcement ratio. For Beams G3-M80 and G3-M100, it was observed that, following the formation of the first shear crack, the stirrup reached very high strains without much increase in the load. It is believed that once these stirrups yielded, the increase in the applied load was transferred to the adjacent stirrups and so on until all of the stirrups yielded. Once all of the stirrups in the shear span yielded, the compression strut carried additional load, and failure occurred when the concrete at the nodal zone of the compression strut crushed. An explosive failure was observed in Beams G3-M80 and G3-M100. Spalling of the concrete cover was also observed during testing. All of the stirrups were terminated with 90-degree hooks. At high stresses, these 90-degree hooks were insufficient in confining the concrete and opened up, resulting in an explosive failure; however, the measured strains were higher than the strains corresponding to 100 ksi (690 MPa) prior to failure.
CODE PREDICTIONS
Concrete contribution to the shear strength of each beam was determined by three methods: V c1 , using the test results from the control specimen without transverse reinforcement; V c2 , using the shear versus transverse strain relationship when the strain is first detected in the stirrups; and V c3 , based on the initiation of the first diagonal crack. The concrete contribution determined from these three methods is compared with the predictions according to the ACI, CSA, and AASHTO codes in Table 4 . It can be seen that for larger beams-the beams in Groups 1 and 2-the concrete contribution was overestimated by all of the codes. This is likely due to the size effect, which is not accounted for in the code equations. For the smaller-sized beams of Group 3, the code equations underestimated the concrete contribution. Also, there are some differences in the concrete contribution determined by the different methods. For example, for Beam G1-C60, the control specimen failed at V c1 = 51 kips (227 kN), whereas V c2 = 65 kips (289 kN) based on the strain first detected in the weldable strain gauge, and V c3 = 56 kips (249 kN) was observed at the first diagonal cracking. These differences are due to the fact that the initiation of the first diagonal crack did not always pass through the instrumented stirrups with the weldable strain gauge. In addition, the diagonal crack could be too small to be visible, but it can be detected by the strain gauges as is the case for Beam G2-M80, where V c2 = 63 kips (280 kN) and V c3 = 68 kips (303 kN).
The steel contribution V s to the shear strength is compared to the predicted values according to ACI 318-08, 10 which is based on a 45-degree truss model; CSA and AASHTO codes, which are based on the Modified Compression Field Theory, as shown in Table 5 . The comparisons between the experimental and predicted values by the code equations indicate that ACI 318-08 10 is the most conservative because it underestimates the steel contribution V s from stirrups, especially when high-strength steel is used. The test results also indicate that CSA and AASHTO codes more accurately predict the steel contribution V s in all cases except for Beam G3-M100, which is more heavily reinforced with stirrups using a design strength of 100 ksi (690 MPa). 80 and 100 ksi (552 and 690 MPa) were within the allowable limit recommended by ACI 318-08. 10 4. At ultimate, failure is typically due to crushing of the concrete strut for beams with and without stirrups. For beams with high-strength stirrups, the measured strains in the stirrups were equal to or greater than the strain of 0.0035 corresponding to 100 ksi (690 MPa) prior to crushing of the concrete strut.
5. The ACI, CSA, and AASHTO LRFD design codes can all be used to predict the shear strength of concrete beams reinforced with high-strength stirrups, with ACI 318-08 10 being the most conservative. The predictions by the CSA and AASHTO codes are quite accurate and are very close to each other. A yield strength up to 100 ksi (690 MPa) can be used in the design of high-strength transverse reinforcement for flexural members without impairing the ultimate load-carrying capacity and without exceeding the limits of the crack width. The stirrups, however, should have 135-degree hooks to provide better anchorage when it is designed for such high stresses. More testing is recommended to validate this detail.
6. The ultimate load-carrying capacities recorded for all of the beams were at least five times the service load specified by ACI 318-08. 10 
